In this work, two-dimensional simulations of the microwave dielectric properties of models with ellipses and realistic models of trabecular bone tissue are performed. In these simulations, finite difference time domain methodology has been applied to simulate two-phase structures containing inclusions. The results presented here show that the micro-structure is an important factor in the effective dielectric properties of trabecular bone. We consider the feasibility of using the dielectric behaviour of bone tissue to be an indicator of bone health. The frequency used was 950 MHz. It was found that the dielectric properties can be used as an estimate of the degree of anisotropy of the micro-structure of the trabecular tissue. Conductivity appears to be the most sensitive parameter in this respect. Models with ellipse shaped -inclusions are also tested to study their application to modelling bone tissue. Models with ellipses that had an aspect ratio of a/b = 1.5 showed relatively good agreement when compared with realistic models of bone tissue. According to the results presented here, the anisotropy of trabecular bone must be accounted for when measuring its dielectric properties using microwave imaging.
Introduction
Osteoporosis is usually diagnosed by one parameter, the bone mineral density (BMD). Unfortunately, this parameter does not provide direct tissue bio-mechanical information. Currently, researchers are searching for alternative methods for the in vivo estimation of bone mechanical properties. Ultrasound appears to be the most advanced tool [1] . Other approaches, such as that developed by Kanis and co-workers [2] , intend to integrate risks that are associated with clinical risk factors and the BMD at the femoral neck. The measurement of dielectric properties of bones has recently received attention because of its potential application as an alternative diagnostic method of bone health [3, 4, 5, 6, 7, 8] . Low frequency in vitro measurements on a specific sample (human cadavers, age = 58 ± 20 years) have shown that the linear combination of two relative permittivities in the frequency ranges (50 Hz-1 kHz and 100 kHz-5 MHz), can predict 73% of the trabecular bone volume fraction (the ratio of bone volume to total tissue volume BV/TV) [9] . Currently, low frequency methods are applicable only to special cases of open surgery. Recently, the first relative permittivity and conductivity of in vivo images of human calcaneus have been obtained by microwave tomography [10] . Furthermore, in vitro microwave studies suggest a negative correlation between BMD and permittivity / conductivity [11, 12, 13] . In reference [13] , it is hypothesised that mineralised bones have a lower relative permittivity mainly because they have lower water content. It is well known that not only mineral content but also micro-structure defines the mechanical and dielectric properties of bone tissue [9] . There are several parameters for characterising the micro-structure of bone, including the following: BV / TV, the mean intercept length (MIL) and the trabecular thickness [14] . In reference [3] , a theoretical approach to porosity estimation is developed. The authors use effective dielectric properties to obtain the spectral function of the bone, which is closely related to its porosity. The age and pathological conditions produce selective bone tissue resorption [15] , which results in thinner horizontal trabeculae. Efforts have been made to detect this anisotropy by using ultrasound techniques [16, 17] . In these papers, the author uses fast and slow waves, which can propagate in the direction of the major trabecular orientation. Trabecular bone was found to be electrically anisotropic. The relationships between the dielectric properties at low frequencies (< 10 MHz) in different directions have been studied by Saha et. al [18] . These variations could be interpreted as changes in the trabecular orientation, but there is no strong evidence for this interpretation yet. In contrast, at low frequencies (< 10 MHz), no linear correlation between the degree of anisotropy and the dielectric or electrical parameters was found by Sierpowska et al. [9] . In electromagnetic simulation and the theory of hierarchical materials, homogenisation techniques are used extensively [19] . These techniques provide information on micro-structure [20] and anisotropy [21] . This paper intends to take a step towards a micro-structure dielectric model of trabecular bone tissue. We consider effective dielectric approaches and their application to realistic electromagnetic models based on microscopic images of bone tissue. The main idea is to study the anisotropy of trabecular micro-structure and its relationships with the dielectric effective parameters using simulation techniques. The two dimensional (2D) models used here are numerically solved by the finite difference time domain (FDTD) technique [22, 23] . We attempt to answer the following question: If we measure the trabecular bone in the microwave range, is it warranted to consider isotropic effective dielectric properties? The answer can contribute to the development of a tool for the microstructural characterisation of bone tissue via effective models that can account for anisotropy.
Methods
The effective relative permittivity (ε eff ) calculation in 2D is studied by observing the reflection of a slice of the relative dielectric constant ε e , with inclusions of the relative permittivity ε i . The sub-indexes e and i denote the environment and inclusion, respectively. Figure 1 shows the simulation box.
Two shapes of inclusion are tested: circular and elliptical. For validation purposes, different values of ε e (σ e ) and ε i (σ i ) are tested (where σ x is the conductivity of medium x). In all of the cases, overlaps between inclusions are allowed. For the simulation of realistic models of trabecular bone, we also consider two phases of material: the trabeculae as the inclusions and the bone marrow as the environment. Values of permittivity and conductivity are obtained from [24] , which is based on [25] . 
Numerical models
Maxwell equations are numerically solved using the finite difference time domain (FDTD) technique [23] . The implementation of the FDTD algorithm is performed using meep (free FDTD simulation software package [22] ). The slice is a square with variable thickness (d). The entire simulation box has a variable length, and it is adjusted to be long enough to reach three times the thickness of the sample at each side. A temporal Gaussian pulse polarised in the y direction (E y ) with a central frequency of 950 MHz is used as the source, which is located far enough from the interface air-slice. The spatial grid resolution of the simulation box is 50 µm (or smaller), and the Courant factor is S = 0.5. In the x direction, the boundary condition is a perfectly matched layer (PML). To obtain the ε eff , the reflection coefficient (Γ i (ω)) of the medium with inclusions or simulated bone is compared to the reflection coefficient (Γ(ω, ε eff )) of a homogeneous slice in the frequency range of interest. Minimisation with respect to ε eff of the absolute difference (|Γ i (ω) − Γ(ω, ε eff )|) is accomplished using a Newton conjugate-gradient algorithm (implemented in Scipy 0.9.0 [26] , an open-source software).
Effective permittivity models
There are several models that represent effective dielectric properties of two-phase materials. Appendix A shows some examples. In these models, the effective value depends on the fraction that is occupied by the inclusions (φ i ) and on the permittivities (conductivities) ε e (σ e ) and ε i (σ i ). The effective value also depends on the shape of the inclusions and anisotropy. Those models, which account for the shape and anisotropy, are of particular interest for this work. As discussed by Mejdoubi and Brusseau [21] , the effective permittivity can be represented by a function f (·):
where α and β depend on the depolarisation factor (A) and the permittivity ratio (
). In 2D, A is a functional of the inclusion shape and permittivity ratio only, and 0 ≤ A ≤ 1. As mentioned above, ε e is the environment's relative permittivity and ε i is the relative permittivity of the inclusions. See details in Appendix A. Two widely used forms for the function f (·) are the Maxwell Garnett (MG) and the symmetric Bruggeman (SBG) forms (see [21] and the references therein). For the SBG approach, α and β take the following forms:
From now on, we call the model in Eq.1 the M-B (from Mejdoubi and Brusseau). The depolarisation factor intrinsically contains the information on the shape and orientation of the inclusions. For example, for the elliptical inclusions with 90 o orientation with respect to the applied electric field, the aspect ratio (the major semi-axis a / minor semi-axis b) a/b = 1/3 and ε i /ε e = 20/2, Mejdoubi and Brusseau obtained A equal to 0.732 using β MG or 0.772 using β SBG , as defined in Appendix A. It should be noted that these values were fitted with φ i < 0.1.
Micro-structure Parameters
Trabecular bone structure has been studied extensively and there are several parameters to characterize it (see for example reference [14] ). In this work, four parameters are studied on 2D images of trabecular bones: BV / TB, the trabecular thickness, the mean intercept length (MIL) and the degree of anisotropy (DA = MIL max /MIL min ). The former is associated with bone porosity. For the BV / TB and MIL calculation, see [14] and the references therein. The MIL parameter is calculated as a function of an angle η, where 0 o < η < 180 o . For the trabecular thickness calculation, we draw n parallel lines that are orthogonal to the main trabecular direction (we define the main trabecular direction as the angle η(MIL max )) and emphwe measure the average thickness of the intersections of these lines with trabeculae. 
Images
The images of trabecular bone tissue used here are available in references [27, 16] . These bitmap images are used to build the realistic dielectric models, which decompose complex shape geometries into triangles (these simple shapes can be simulated with meep [22] ). Image processing is applied to convert the gray scale images into black and white, to define a two-phase material using histogram-based segmentation [28] . The samples used here are called sample 1, 2, 3, 4, 5 and 6, and are all shown in section 3 (Fig. 6) . Figure 2 shows some of theese samples. Figure 2 (a) shows trabecular bone tissue from an old person (sample 1), its porosity is approximately 0.75. The polar plot in Fig. 2 (d) shows the corresponding MIL parameter (η is the slope angle of the parallel lines for the MIL calculation). The tissue appears to be isotropic; the maximum of the MIL parameter is approximately 0 o but the distribution is almost a circle. Figure  2 (b) also shows a highly porous old bone, with 0.79 porosity (sample 2). Clearly, its MIL maximum is approximately 90 o (see Fig. 2 (e)). Figure 2 (c) shows a young bone (sample 3), with a 0.46 porosity and a 0 o main direction ( Fig. 2 (f) ).
Results

Validation
Validation of the method is performed using an hexagonal array of discs, for which we have an analytic solution for the effective dielectric constant and the effective conductivity [29] (see Fig. 3 , and the matrix is the bone marrow (ε e = 5.485, σ e = 0.043 S/m). These validation technique were also used by Bonifasi-Lista and Charkaev [4] . The fraction occupied by inclusions is varied by changing the disc radius. Good agreement is observed between the prediction made by the minimisation of the response function difference with an effective homogeneous medium and the analytical ε eff and σ eff .
Disc shape inclusions that are randomly located are also tested (see Fig.  4 (a)) with values that are similar to those used in reference [20] . An excellent agreement between the results presented here and in reference [20] is observed. Different circle radii are tested; it can be seen that the permittivity and conductivity do not depend on the radius but instead depend on the occupied fraction (φ i ). It is known that the effective dielectric properties are determined not only by the fraction occupied by the inclusions but also by their shape [21] . Ellipseshaped inclusion media are tested with effective formulas obtained in reference [21] Figure 5 (a) shows an example of a maximally anisotropic model, which comprises in ellipses oriented and arranged along parallel lines. The slope θ of the lines is varied (see Fig. 5 (a) ). The effective dielectric properties are calculated as a function of θ. The source is always polarised, called E y , and φ i ≈ 0.054. Two types of models are tested: (i) allowing the overlap of ellipses, and (ii) not allowing overlaps. These models are simulated to study whether percolation dominates the effective dielectric behavior. It is noted that inclusions can form connected sets when overlapping each other. In this specific example, a percolated system is obtained when there are connected paths from one border to the other of the simulation box. Note that, at the simulation frequency of this work (950 MHz), percolated (when overlapping is allowed) and non-percolated systems have similar behavior. The M-B model using β textSBG gives a depolarisation factor of A = 0.901 for E y ⊥ M IL max and A = 0.120 for E y MIL max , which results in ε eff = 5.729, 6.120 and σ eff = 0.046, 0.054 S/m, respectively. The values obtained by numerical simulations are ε eff = 5.689, 6.120 and σ eff = 0.045, 0.053 S/m. We see that the agreement between the simulations and effective models is relatively good. Figure 6 shows the samples that were used to build the realistic models. The models are simulated as a two-phase medium in which the trabeculae are the inclusions and the background is the bone marrow. The images are rotated at an angle of θ (at 30 degree steps), and the simulation is conducted at each orientation (the same method, as explained in subsection 2.1, is used to calculate the effective dielectric properties). The applied field is always y polarised. Table 1 summarises the micro-structure parameters of each sample (calculated as described in subsection 2.3). There is only one sample from a young individual (sample 3). Sample 1 and 3 have the lower DA values. Table 2 shows the effective dielectric properties of the samples described in Table 1 . θ max and θ min are the angles for which the dielectric properties are maximum (ε eff-max and σ eff-max ) and minimum (ε eff-min and σ eff-min ), respectively. It is important to notice that ε eff and σ eff are maximums when the applied field is totally aligned with the main direction of the sample (η(MIL max )). In this table the ratios ε eff-max /ε eff-min and σ eff-max /σ eff-min are also shown. It is observed that the latter always gives larger values than the former. See, for example: sample 2; it has the maximum degree of anisotropy (2.23) and the maximum conductivity ratio (1.28), while the permittivity ratio is 1.12. Figure 7 shows typical simulations of sample 2 ( Fig. 7 (a) ) and 4 ( Fig. 7  (b) ). Polar plots show effective relative permittivity and conductivity as a function of θ. Parts (b) and (c) correspond to sample 2 and (e) and (f) correspond to sample 4. It should be noted that the main direction can be detected with both the permittivity and conductivity.
Simulation on realistic models
Effective models
In this subsection, comparison between the effective models and realistic models are made. It was shown in [21] that the depolarisation factor (a scalar in 2D) for media with elliptical inclusions depends on the aspect ratio (a/b) and orientation. As shown in Fig. 4 , effective M-B models (using β SBG ) have a relatively good agreement when compared with simulation data for φ i < 0.2. In general, this result was observed for several simulations that are not shown here. Table 3 shows some results of the M-B models (using β SBG ) as a function of φ i . We replace φ i by the BV /T V parameter of each sample. Three aspect ratios are considered: Table 3 ) .
=1.5 is good (values highlighted in boldface in
Discussion
Microwave tomography methods are developed in a wide frequency range. Among others, the experimental setup of Semenov et al. [30] uses 900 MHz and 2.05 GHz, Meaney et al. [11] use 900, 1100 and 1300 MHz. The simulations of Liu et al. [31] were performed at 800 MHz and 6 GHz, and the [32] where performed at 1000 MHz. The results in this paper are limited to a central frequency (950 MHz); this choice was motivated by the fact that the first microwave in vivo image of trabecular bone tissue was obtained at a value that was close to this frequency [10] . Consequently, we assume constant values of permittivity and conductivity for each component of bone tissue (trabeculae and bone marrow). Recent studies have begun to consider microwave imaging of bone tissue in vitro [30, 11] and in vivo [10] . In general, the current interest is to find correlations between dielectric properties and bone mineral density or bone volume. It is surprising that the relationship between anisotropy and dielectric properties has been studied relatively little. We will mainly focus this discussion on two aspects: first, we will present the correlation between BV /T V and the effective dielectric properties, and, second, we will comment on the results that involve anisotropy.
A comparison between the dielectric properties and the bone volume, in Tables 1 and 2, shows a positive correlation. This correlation implies that, the higher the BV /T V the higher effective permittivity and conductivity. This result is very intuitive and is in accordance with two phase models: when the fraction of inclusion grows (with higher relative permittivity), the effective permittivity and conductivity of the medium also grow. Differences are found when these simulation results are compared with measurements in vivo. In reference [10] , the authors found that an affected calcaneus (with a lower bone volume) has a 23% higher relative permittivity when compared with a normal bone. It is necessary to remark that this result is based on only one sample and is without statistic support. The same research group has recently published a paper on in vitro measurements of trabecular porcine femur samples (six bone specimens in saline solution) [11] . They studied the change in dielectric properties as a function of mineralisation. The degree of mineralisation was altered (not naturally) by acid treatment, and their results are in agreement with their previous work [10] . These results also agree with [12] , in which the degree of mineralisation was measured and a negative correlation between the bone mineral density and the relative permittivity was found (for six samples of human osteoporotic trabecular samples in saline solution). Some simple calculation can be performed with the help of effective models. For example, using Eq.1 for a total aligned electric field and bone orientation with φ i = 0.26, ε i = 20.584, σ i = 0.364 and ε e = 78.00, σ e = 1.39 (similar values to 0.9% saline solution) gives 61.76 and 1.08, for the permittivity and conductivity, respectively. For φ i =0.54, the results 42.79 and 0.749. These results offer a possible explanation of the relation between BV /T S and the effective dielectric properties (at least for in vitro measurements): samples that have a lower BV /T V have more space for water or saline solution, which increases their permittivity and conductivity. Special care must be taken when interpreting in vivo measurements. What takes the place of bone in a resorption process? Is it predominantly high water content connective tissue/cells/blood (with high dielectric properties), or is it bone marrow (with low dielectric properties)? As the first image in vivo has shown [10] , it seems that a loss of bone tissue increases both the permittivity and conductivity. Then, the first case above could be the more feasible process.
Regarding anisotropy, Table 2 shows that the polarised electric field aligned with the main direction of the sample gives a higher relative permittivity and conductivity. Minimum values are found if the electric field and the main direction are orthogonal. This result shows the potential application of microwave imaging as a predictor of trabecular orientation. To develop a clinical microwave system to detect these orthogonal components is, of course, a technical complication. Table 2 also shows that the degree of anisotropy correlates rather well with the permittivity ratio (ε eff-max /ε eff-min ). The maximum value of DA (2.23) for sample 2 gives also a maximum ratio for the relative permittivity (1.12). In this case, the permittivity is 12% higher when the electric field is aligned with the main direction. The conductivity ratio (the right-most column of Table 2 ) shows the strongest relationship with DA, for the case mentioned before, the conductivity is 28% higher (when there is a total alignment). As a concluding remark on these results: the conductivity could be a better estimate for the DA. Theoretical effective ellipses models better approximate the simulations when the occupied fraction is low (strictly speaking for φ i < 0.1). Table 3 continues the application to trabecular bone tissue. A relative good agreement can be seen for BV /T V < 0.26 (see Table 3 values in boldface). For example, samples 2, 4, 5 and 6 have values that are similar to those given for a model with ellipses with an aspect ratio a/b = 1.5. These results show an interesting trend: ellipse models represent well the samples that have a high degree of anisotropy and a low occupied fraction. Moreover, when samples have a low DA and a low occupied fraction, circular inclusion models appear to be better. This result is interesting for simulation purposes. In the case of trabecular bone (as a hierarchical material), a knowledge of the effec-tive formulas avoids the need for excessive grid refinement. These methods are known as homogenisation techniques; Maxwell-Garnett and symmetric Bruggeman are classical approaches. The simulations presented here show that these approaches can represent the trabecular bone tissue relatively well. Even though the permittivity and conductivity are good predictors of the trabecular bone anisotropy and BV/TV for the samples simulated here, there remains a challenging question: which is the best site of the body to assess the bone quality by microwave imaging? A reasonable assumption is the heel [10] (which is widely used for ultrasound in vivo measurements). The calcaneus is mostly composed of trabecular bone and, as measured by Hildebrand et al. [33] , has the higher values of DA (if it is compared with the spine, femur head and iliac crest). In [33] the authors reported values of DA and BV/TV of approximately 1.75 and 0.12, respectively, which are not far from the samples simulated here. In future studies, we plan to use the methodology presented here on calcaneus images. As a final conclusion, we can say that samples with a high degree of anisotropy can give up to a 20% difference between the aligned and orthogonal conductivity values. The relative permittivity shows a smaller variation. Semenov et al. [30] studied microwave-tomographic imaging of high dielectric-contrast objects (such as bone tissue and muscle or skin). Even when taking the bone as an isotropic tissue, the authors encountered several of the most difficult aspects of the reconstruction algorithms. Microwave imaging of bone tissue is still in its infancy, but according to the results presented here, anisotropy must be accounted for when measuring trabecular bone tissue. 
